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Abstract The Axion Resonant InterAction Detection Experiment (ARIADNE) is a
collaborative effort to search for the QCD axion using techniques based on nuclear
magnetic resonance [1]. In the experiment, axions or axion-like particles would me-
diate short-range spin-dependent interactions between a laser-polarized 3He gas and
a rotating (unpolarized) tungsten source mass, acting as a tiny, fictitious magnetic
field. The experiment has the potential to probe deep within the theoretically inter-
esting regime for the QCD axion in the mass range of 0.1-10 meV, independently
of cosmological assumptions. The experiment relies on a stable rotary mechanism
and superconducting magnetic shielding, required to screen the 3He sample from
ordinary magnetic noise. Progress on testing the stability of the rotary mechanism
is reported, and the design for the superconducting shielding is discussed.
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1 Introduction
The axion is a particle postulated to exist since the 1970s to explain the lack of
Charge-Parity-violation in the Strong interactions, i.e. the apparent smallness of the
angle θQCD [2, 3]. The axion is also a promising Dark Matter candidate [5]. In ad-
dition, axions or axion-like particles occur quite generically in theories of physics
beyond the standard model, and certain compactifications in string theory could
give rise to a plenitude of axions with logarithmically distributed masses that give
signatures in a wide range of experiments [4]. Thus the axion belongs to a class
of “economical” and therefore highly-motivated solutions to some of the greatest
puzzles in cosmology and high-energy physics. The mass of the QCD axion mA is
constrained to lie in a certain range, as shown in Fig. 1. The upper bound comes from
astrophysics: white dwarf cooling times and Supernova 1987A data imply mA < 6
meV [5]. The lower bound on the axion mass depends on cosmology [6, 7]. In the-
ories of high-energy scale inflation, the axion mass must not be lighter than about
1 µeV to avoid its overproduction and therefore the presence of too much gravitat-
ing matter to account for the presently expanding universe. However, if the energy
scale of inflation is low, depending on the initial conditions it is possible that the
axion mass could be much lighter than 1 µeV, with some lower bounds resulting
from black hole superradiance [8, 9]. ARIADNE [1] will probe QCD axion masses
in the higher end of the traditionally allowed axion window of 1 µeV to 6 meV,
which are not currently accessible by any existing experiment including dark matter
“haloscopes” such as ADMX [10]. Thus the experiment fills an important gap in the
search for the QCD axion in this unconstrained region of parameter space.
1.1 Basic principle of experiment
The axion can mediate an interaction between fermions (e.g. nucleons) with a po-
tential given by
Usp(r) =
h¯2gNs g
N
p
8pim f
(
1
rλa
+
1
r2
)
e−
r
λa (σˆ · rˆ) , (1)
where m f is their mass, σˆ is the Pauli spin matrix, r is the vector between them,
and λa = h/mAc is the axion Compton wavelength [3, 1]. For the QCD axion the
scalar and dipole coupling constants gNs and g
N
p are directly correlated to the ax-
ion mass. Since it couples to σˆ which is proportional to the magnetic moment of
the nucleus, the axion coupling can be treated as a fictitious magnetic field Beff.
This fictitious field is used to resonantly drive spin precession in a sample of laser
polarized cold 3He gas. This is accomplished by spinning an unpolarized tungsten
mass sprocket near the 3He vessel. As the teeth of the sprocket pass by the sample
at the nuclear Larmor precession frequency, the magnetization in the longitudinally
polarized He gas begins to precess about the axis of an applied field. This precess-
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Fig. 1 (left) Constraints and experiments searching for the QCD axion, adapted from Ref. [5].
(middle) Setup: a sprocket-shaped source mass is rotated so its “teeth” pass near an NMR sam-
ple at its resonant frequency. (right) Estimated reach for monopole-dipole axion mediated inter-
actions. The band bounded by the red (dark) solid line and dashed line denotes the limit set by
transverse magnetization noise, depending on achieved T2 for an integration time of 106 s. The
solid “projected reach” curve represents the sensitivity of a future, upgraded apparatus [1]. Current
constraints and expectations for the QCD axion also are shown [11, 12, 13, 14, 15, 16].
ing transverse magnetization is detected with a superconducting quantum interfer-
ence device (SQUID). The 3He sample acts as an amplifier to transduce the small,
time-varying, fictitious magnetic field into a larger real magnetic field detectable
by the SQUID. Superconducting shielding screens the sample from ordinary mag-
netic noise which would otherwise exceed the axion signal, while not attenuating
Beff [1]. The ultimate sensitivity limit is set by spin projection noise in the sample
itself which scales with the inverse square root of its volume, density, and T2, the
transverse spin decoherence time [1].
The experiment can sense all axion masses in its sensitivity band simultaneously,
while haloscope experiments must scan over the allowed axion oscillation frequen-
cies (masses) by tuning a cavity [10, 17, 18, 19] or magnetic field [20]. In contrast
to other lab-generated spin-dependent fifth-force experiments using magnetometry
[12, 13, 14, 15, 16], the resonant enhancement technique affords orders of magni-
tude improvement in sensitivity, sufficient to detect the QCD axion (Fig. 1).
2 Experimental Design
Detectors. For detecting the effective magnetic field produced by the axion Beff,
three fused quartz vessels containing laser-polarized 3He will serve as resonant mag-
netic field sensors. Three such sensors will be used to cancel common-mode noise
by correlating their signals, according to the phase of the rotation of the sprocket
source mass. Each sample chamber has an independent bias field control to main-
tain resonance between the spinning mass and the 3He, during any gradual demag-
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Fig. 2 (a) Schematic of cryostat bottom plate. The three sample regions are enclosed in quartz
blocks which are coated with Niobium followed by Ti/Cu/Au to lower their emissivity. The blocks
are attached to a Cu cold stage (4.2K). A heated Au-coated enclosure houses the ultrasonic piezo-
electric high-speed rotation stage, and heat shields isolate this region from the quartz block. A
source mass sprocket with 11 sections is rotated around at a frequency ωrot, which results in a
resonance between the frequency ω = 11ωrot at which the segments pass near the sample and the
NMR frequency 2µN ·Bext/h¯, set by the magnetic field. (b) Cross sectional view from top of region
near mass and detector. (inset) prototype W rotor. (c) Thermal model of cryostat using COMSOL.
Results indicate an expected He boil-off of < 1.5 L/hr for maintaining the motor at −30◦ C. (d)
(top) prototype SQUID magnetometer fabricated on quartz substrate. (bottom) Magnetic field sen-
sitivity of SQUID magnetometer on Si substrate fabricated at KRISS.
netization due to the finite T1 time. A SQUID pickup coil will sense the magnetiza-
tion in each of the samples. The inside of the quartz containers will be polished to
a spheroidal shape with principal axes 10 mm × 3 mm × 150 µm. The spheroidal
shape will allow the magnetization to remain relatively constant throughout the sam-
ple volume, since the magnetization direction will remain reasonably well-aligned
with the principal axes [22]. The cavity is fabricated by fusing together two pieces of
quartz containing hemi-spheroidal cavities [21]. The vessel wall thickness is limited
to 75 µm on one side to allow close proximity to the source mass [21].
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Source mass. The rotating source mass consists of a “sprocket” of height 1 cm,
inner diameter 3.4 cm, and outer diameter 3.8 cm, divided into 22 sections of length
5.4 mm. The section radii are modulated by approximately 200 µm in order to gen-
erate a time-varying potential at frequency ω = 11ωrot, due to the difference in the
axion potential as each section passes by the sensor. The factor of 11 difference be-
tween ωrot and ω decouples mechanical vibration from the signal of interest. The
sprocket will be driven by a ceramic shaft and precision ceramic bearings. The wob-
ble of the sprocket will be measured in-situ using fiber coupled laser interferometers
and counterweights will be applied as necessary to maintain the wobble below 0.003
cm at the outer radius. An image of a prototype tungsten sprocket appears in Fig. 2.
Magnetic impurities in the source mass are estimated to be below the 0.4ppm level
based on measurements of similar machined material using a commercial SQUID
magnetometer system [35].
Rotation stage. The cylinder will be rotated by an in-vacuum piezoelectric trans-
ducer [24] or direct-drive stage [25]. Direct drive stages [25] offer faster rotation
rates (up to 25 Hz) with the caveat that local magnetic fields are larger. These can
be attenuated with additional µ-metal shielding (which lies well outside of the su-
perconducting coating on the quartz sample vessels) The rotational mechanism will
need to be maintained at a higher temperature (−30 C) than the surrounding com-
ponents. This will be achieved with heaters and heat-shielding, as schematically
indicated in Fig. 2. This design results in an expected heat load of approximately 1
W and by suitable thermal isolation we expect the excess evaporation rate of helium
due to this additional heat load to be < 1.5 L/hr.
The rotational speed must be kept constant, so that resonance between the Lar-
mor frequency and rotational frequency can be maintained. The spin speed can be
measured using an optical encoder. An index mark will allow the determination of
the phase of the cylinder rotation, for correlation with the spin precession in the
sample. Preliminary tests of the rotation speed stability of the vacuum-prepared un-
loaded direct-drive stage in-air indicate constant rotation speed at the part in 104
level at the frequency of interest with rms variation at ∼ 1 part in 3000, as shown in
Fig. 3. This allows the sample to remain on resonance and utilize T2 > 100 s.
Cryostat. The samples will be housed in a liquid Helium cryostat (Fig. 2a). The
separation between the rotating mass and quartz cell will be designed to be 75 µm
at cryogenic temperature. A thermal model of the heat load appears in Fig 2c. A
stretched copper radiation shield foil of dimensions 25 µm × 1 cm × 1 cm will be
inserted between the rotating mass and the quartz block. The foil will be supported
by larger copper blocks affixed to the cold plate of the cryostat.
For ωrot/2pi = 10 Hz, the net Bext needed at the sample is of order 30 mG. Bext
is the sum of the internal magnetic field of the sample, which is roughly 0.2 Gauss
for 2×1021 cm−3 density of 3He, and a field generated by superconducting coils. In
such a field, the SQUID can operate near its optimal sensitivity of 1.5 fT/
√
Hz. We
expect the current in the coils needs to be maintained constant at low frequencies to
within ∼ 10 ppm(1000s/T2).
Magnetic shielding. The fictitious field from the QCD axion coupling is at or
below the 10−19 T level, necessitating the shielding of magnetic backgrounds. The
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Fig. 3 (a) Magnetization test for impurities in W material used to fabricate rotor using MPMS
SQUID measurement system [35]. (b) zoom-in of near zero field region. (c) Spin-speed stability of
Aerotech ADRS-100 direct drive stage unloaded and in-air as measured via an optical encoder. (d)
(left) A symmetrically placed coil can be used to mitigate gradients across the cell produced by the
Meissner “image” of the spheroid. Two “D”-shaped coils can be used to approximate a Helmholtz
coil near a superconducting boundary. (right) Schematic of quartz block construction prior to Nb
coating, showing 3He sample block as well as patterned coils on additional quartz sections.
quartz sample container will be affixed to a larger quartz block, which will be sputter
coated with a 1.5 µm layer of Niobium and 200 nm of Ti/Cu. The Cu will then be
electroplated with 1 µm of Gold as a blackbody reflector. The use of superconduct-
ing shielding (as opposed to e.g. µ-metal shielding) is essential to mitigate magnetic
field noise from thermal currents (i.e. Johnson noise) in ordinary conducting materi-
als. The shield also attenuates magnetic noise due to thermal currents in the tungsten
mass [23], which we estimate at 10−12 T/
√
Hz, and screens the Barnett effect [32]
along with the effects of magnetic impurities and the nonzero magnetic suscepti-
bility of the source mass rotor. A magnetic shielding factor f = 108 at the nuclear
Larmor frequency ∼ 100 Hz would allow full design sensitivity to be attained for a
T2 of 1000 s. A list of the these requirements is shown in Table I. In addition, a triple-
layer µ-metal shield will enclose the cryostat while the superconducting shields are
cooled through the superconducting phase transition. The total DC magnetic field
should be kept below 10−7 T during this process to avoid “freezing-in” flux.
3He delivery. The hyperpolarized 3He gas is prepared by metastability exchange
optical pumping (MEOP). MEOP is especially well-suited to the needs of this ex-
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Systematic Effect/Noise source Background Level Notes
Magnetic gradients 3×10−6 T/m Limits T2 to ∼ 100 s
Possible to improve w/SC coils
Vibration of mass 10−22 T For 10 µm mass wobble at ωrot
External vibrations 5×10−20 T/√Hz For 1 µm sample vibration (100 Hz)
Patch Effect 10−21(Vpatch0.1V )
2 T Can reduce with V applied to Cu foil
Flux noise in squid loop 2×10−20 T/√Hz Assuming 1µΦ0/
√
Hz
Trapped flux noise in shield 7×10−20 T√
Hz
Assuming 10 cm−2 flux density
Johnson noise 10−20( 10
8
f )T/
√
Hz f is SC shield factor (100 Hz)
Barnett Effect 10−22( 10
8
f ) T Can be used for calibration above 10 K
Magnetic Impurities in Mass 10−25−10−17( η1ppm )( 10
8
f ) T η is impurity fraction
Mass Magnetic Susceptibility 10−22( 10
8
f ) T Assuming background field is 10
−10 T
Background field can be larger if f > 108
Table 1 Table of estimated systematic error and noise sources, as discussed in the text. The pro-
jected sensitivity of the device is 3×10−19( 1000sT2 )1/2 T/
√
Hz
periment: it can polarize 3He at total pressures of a few mbar in an arbitrary mixture
of 3He and 4He. The MEOP polarized 3He compression system at Indiana can de-
liver polarized 3He gas at pressures from 1 mbar to 1 bar at room temperature [26]
and can therefore be used to conduct higher temperature tests in the same pressure
regime that the 4K cryogenic cell will operate in. A manifold is under develop-
ment to deliver the gas from the polarization region into the sample area, and then
to recirculate it for subsequent experimental cycles. The low spin relaxation valve
technology needed to do this both at room temperature and at low temperature has
been developed for neutron spin filters at neutron scattering facilities [27] and for
the neutron EDM project [28].
3 Expected sources of systematic errors and noise
Magnetic Gradients and Frequency Shifts. In order for the full sample to remain
on resonance, gradients across the sample need to be controlled at the challenging
level of ∼ 10−11
(
1000 s
T2
)
T. A spheriodal chamber of uniformly magnetized gas
results in a constant magnetic field in the interior. Thus the spheroidal shape of the
sample suppresses magnetic gradients due to the magnetized gas itself. However,
gradients and frequency shifts can be produced due to image currents arising from
the Meissner effect in the superconducting shield.
A superconducting coil setup can also partially cancel the gradient, allowing ex-
tension of T2 up to 100 s for a 99% compensation [36]. It is useful to conceptually
visualize the Meissner effect as producing an spheroid of “image dipoles” on the
other side of the superconducting boundary. SC coils are included in the design of
the quartz block, to allow either direct cancellation (where the coil field opposes the
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image spheroid field at the sample) or “filling in” of the field from the image dipole
(where the coil field adds to the field from the image dipole to remove gradients).
We calculate that gradients can be suppressed in the central 80% region of the sam-
ple by approximately ∼ 3× using the field cancellation method, or by 99× using
the gradient cancellation method, where the field from the image dipole is “filled
in” with the coil field [36]. Two coils are included in the quartz block design so both
approaches can be implemented in the experiment (see Fig. 3).
Bias field control. In order to set the nuclear Larmor precession frequency at the
3He sample, it is necessary to apply a constant bias field to the spheroid. The ordi-
nary approach involving a Helmholtz coil will not work due to the close proximity
of the superconducting boundary. However we can exploit the Meissner effect to
our advantage by using “D”-shaped coils to create a Helmholtz like field, as shown
in Fig. 3. Here the field from the Meissner image of the coil adds to that from the
original coil to produce a nearly constant field at the location of the spheroid [36].
Acoustic vibrations. Acoustic vibrations can cause magnetic field variations due
to the image magnetization arising from the Meissner effect in the superconducting
shields. Although ωrot << ω , vibrations can in principle be transmitted at ω from
nonlinearities. For a 10 µm wobble in the cylinder atωrot/2pi = 10 Hz, and 1 percent
of this at 100 Hz, we estimate a δx ∼ 2 nm vibrational amplitude of the sample
chamber. Assuming δx = 2 nm, we find that the relative motion between the sample
chamber and the shield coating on the outside surface of the quartz block from
elastic deformations is 10−17 m. With a gradient of 10−5 T/m, this corresponds to a
field background of ∼ 10−22 T. While this background could principle be coherent,
as it is associated with the rotation of the cylinder, at this level it will not dominate
over any detectable axion signal for 106 seconds of averaging time.
Background vibration also should remain below 10 µm amplitude at 100 Hz,
since this would produce magnetic field noise of 5×10−19 T/√Hz at the resonant
frequency, which can in principle begin to limit the sensitivity.
Trapped Flux.The thermal noise from a trapped flux at distance r from the sample
will produce a field noise of 7× 10−20 T√
Hz
(
200 µm
r
)3
[29, 30]. This estimate is
indicative and the actual noise from trapped flux will depend on the construction of
the shield. In principle the experiment can tolerate a “frozen-in” DC field as large as
10−7 T with little deleterious effects, however the exact magnetic noise from moving
flux at 100 Hz will need to be experimentally characterized for the particular shield.
If necessary, additional µ-metal or cryoperm [31] shielding layers may be included
inside and outside of the cryostat.
Patch Potentials. The sputtered metal films which coat the block will generally
be polycrystalline, and thus will exhibit local regions of varying work function and
hence local contact potential differences [33]. Fluctuating electric patch potentials
can drive an oscillating time varying force on the copper heat shield membrane
between the quartz sample container and the rotating mass. Assuming a 100 mV
periodic signal, the force on the copper membrane will be∼ 1.4×10−8 N, resulting
in ∼ 5 pm of vibration. If this copper foil has an additional 100 mV potential dif-
ference with respect to the gold/Nb coated quartz, this can drive the quartz sample
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block with a force of 6× 10−15 N. This in turn can vibrate the sample container’s
thin quartz wall with a very small amplitude of 0.5 fm. With a gradient of 10−5
T/m, this can cause a magnetic field background on resonance of 5× 10−21 T. A
voltage can be applied to the copper foil to minimize the DC component of such
coupling, although smaller local variations can remain [34]. By slightly increasing
the thickness of either the copper foil or the quartz container wall, we can increase
their stiffness and thus further suppress the effect if necessary.
4 Discussion and Outlook
ARIADNE is a new approach towards discovering the QCD axion or axion-like
particles in a mass range which is larger than that currently being probed in Dark
Matter axion experiments. It is similar in style to the light shining through walls
experiments such as ALPS or ALPS-II [37] in that (virtual) axions are produced in
the lab, except it probes the axion scalar and dipole coupling to nuclei rather than to
photons. Simulations and experimental tests conducted thus far indicate that several
of the key requirements of the experiment are within reach, including the rotary-
stage speed stability, thermal management for the cryostat, and magnetic gradient
compensation strategy. Further experimental tests are underway with regard to the
testing thin-film superconducting magnetic shielding, the 3He polarization and de-
livery system, metrology of the masses and sample enclosures, SQUID magnetome-
ter system, and rotational mechanism. If successful, the experiment has the potential
solve the strong-CP problem and identify a particle which makes up part (or all) of
the Dark Matter in the universe.
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